Abstract: Tissue engineered hydrogels hold great potential as nucleus pulposus substitutes (NP), as they promote intervertebral disc (IVD) regeneration and re-establish its original function. But, the key to their success in future clinical applications greatly depends on its ability to replicate the native 3D micro-environment and circumvent their limitation in terms of mechanical performance. In the present study, we investigated the rheological/mechanical properties of both ionic-(iGG-MA) and photo-crosslinked methacrylated gellan gum (phGG-MA) hydrogels. Steady shear analysis, injectability and confined compression stress-relaxation tests were carried out. The injectability of the reactive solutions employed for the preparation of iGG-MA and phGG-MA hydrogels was first studied, then the zero-strain compressive modulus and permeability of the acellular hydrogels were evaluated. In addition, human intervertebral disc (hIVD) cells encapsulated in both iGG-MA and phGG-MA hydrogels were cultured in vitro, and its mechanical properties also investigated under dynamic mechanical analysis at 37 C and pH 7.4. After 21 days of culturing, hIVD cells were alive (Calcein AM) and the E' of ionic-crosslinked hydrogels and photo-crosslinked was higher than that observed for acellular hydrogels. Our study suggests that methacrylated gellan gum hydrogels present promising mechanical and biological performance as hIVD cells were producing extracellular matrix. V C 2013 Wiley Periodicals, Inc. J Biomed Mater Res Part A:
INTRODUCTION
Tissue engineering strategies aiming to regenerate intervertebral disc (IVD) tissue often rely on the use hydrogels, due to the number of advantages that these highly hydrated networks can offer.
1,2 Hydrogels can be used as injectable scaffolds, being implanted in a minimally invasive manner and easily filling defects of any size and shape. These features thus improve the surgeons working efficiency and shorten the surgery time. These materials are also more advantageous as carriers for the delivery of cells and bioactive agents, in a spatially and temporally controlled manner. In addition, hydrogels can replicate a physiological fluid flow and provide a 3D micro-environment that favors the retention of a rounded morphology by encapsulated cells, 3 and thus the induction of a chondrocytic phenotype and production of cartilaginous tissue. 4, 5 Hydrogels are also able to transduce mechanical loads to encapsulated cells and exert specific forces, similar to physiological forces, that can contribute to stimulate cells to achieve the desired phenotype. 6, 7 One of the factors that can compromise the use of hydrogels in tissue engineering applications is their limitation in terms of mechanical properties. Although hydrogels' mechanics can be modulated by altering the crosslinking density or the method of crosslinking (either physically or chemically), it must exist a balance between the necessary mechanical properties and cellular biocompatibility. 2 Other cartilaginous tissues, such as articular cartilage or meniscus, which similarly to the IVD allow for efficient load bearing and distribution, and contribute to the flexibility in the joints of the body by providing low friction, can also be replaced by tissue-engineered hydrogels to repair the defects caused by degenerative diseases or traumatic injuries. 2 For these applications, the hydrogels' properties must be adjusted to best mimic the distinct natural behavior of each specific tissue aimed to regenerate. 8 Degeneration of IVD has been characterized by nucleus pulposus (NP) loss of hydration and mechanical properties, 9 associated with biochemical changes related to glycosaminoglycans and cell senescence. 10 Several strategies have been exploited to restore the IVD functionality by means of regenerating NP tissue. Cell-based approaches involving stem cells, 11 chondrocyte transplantation 12 and gene therapy 13 are few strategies that are currently under pre-clinical investigation. Despite presenting regenerative advantages, most of the studies using acellular scaffolds, alone or combined with growth factors, [14] [15] [16] and cell-laden scaffolds 17 are still far from reaching the required biological and biomechanical performance. In this context, different chemical modifications of native hyaluronan (HA) have been performed to obtain chemically and mechanically robust materials such as a dodecylamide, HYADD3
V R , and a photo-linkable ester, HYAFF120
V R , suitably derived from HA. Accordingly, the viscoelastic properties of HYADD3 V R and HYAFF120
V R solutions were assessed before and after the injection through clinical catheters. 18 In a recent study, Benz et al. 19 have investigated the rheological and biological properties of serum albuminbased hydrogel, for its potential application as NP substitute. The in vitro and in vivo studies revealed that the hydrogels support encapsulation and cells were able to produce extracellular matrix, but no data on the mechanical properties of cell-laden hydrogels were assessed. Recently, our group has been investigating different gellan gum hydrogels formulations 3, [20] [21] [22] for IVD tissue engineering. The in vitro and in vivo studies demonstrated promising results in respect to the hydrogels' biocompatibility, nonangiogenic ability and encapsulation efficiency.
This work aimed to investigate the rheological properties of both ionic-and photo-crosslinked methacrylated gellan gum (GG-MA) hydrogels for use as acellular and cellular NP substitutes. Steady shear measurements and confined compression stress-relaxation tests were performed. In addition, injectability tests were carried out using an in-house developed testing machine. The mechanical performance of cellladen ionic-and photo-crosslinked gellan gum hydrogels were also assessed under dynamic mechanical analysis for times up to 21 days of culturing. For the purpose of this work, human intervertebral disc cells were encapsulated within the hydrogels and a calcein-AM staining was performed to evaluate its viability up to 21 days of culturing.
MATERIALS AND METHODS

Materials
Low-acyl gellan gum, GG (Gelzan TM CM), glycidyl methacrylate, GMA (97%) and methyl benzoylformate, MBF (98%) were obtained from Sigma-Aldrich (USA).
Synthesis of the methacrylated gellan gum
Methacrylated gellan gum (GG-MA, M W ¼ 70.6 kDa) was synthesized by reacting GG (M W ¼ 71.1 kDa) with GMA as described elsewhere. 3, 22, 23 Briefly, GG was added to distilled water at room temperature under constant agitation to obtain a final concentration of 1% (w/v). The complete and homogeneous dispersion of the material was achieved after heating the solution at 90 C. The GG solution was allowed to cool to room temperature and then GMA was added at 20-fold molar excess in respect to the repeating unit of GG. The reaction mixture was adjusted to pH 8.5 with 1 M sodium hydroxide (NaOH; Panreac Química SAU, Spain). Then, the mixture was allowed to react for 24 h at room temperature under vigorous stirring. The pH was automatically adjusted to 8.5 with 1 M NaOH during reaction. The reaction product was precipitated with 0.5 volumes of cold acetone (Panreac Química SAU, Spain) and purified by dialysis (cellulose membrane, M W cutoff 12 kDa; Sigma-Aldrich, USA) against distilled water for 7 days to remove residual GMA. Finally, the dialyzed GG-MA was frozen at À80 C and the powders were obtained after lyophilization (Telstar-Cryodos -80, Spain) for 7 days.
Preparation of the ionic-and photo-crosslinked GG-MA hydrogel discs The ionic-crosslinked hydrogel discs were obtained by means of dissolving the GG-MA powders in distilled water at a final concentration of 2% (w/v), under vigorous agitation and at room temperature. The gel was transferred to silicone moulds and discs were obtained by immersion in PBS (pH 7.4) for 30 min.
The photo-crosslinked GG-MA hydrogel discs were produced by using a GG-MA solution at 2% (w/v) concentration. After complete homogenization of the solution, the photo-initiator MBF was then added to a final concentration of 0.1% (w/v). The gel was transferred to a silicone mould, and then hydrogel discs were obtained by exposure to ultraviolet light (366 nm; UV lamp Triwood 6/36, Bresciani srl., Italy) for 10 min. The photo-crosslinked discs were further equilibrated in PBS (pH 7.4) for 30 min.
All discs were produced possessing a diameter of 11.5 mm and height of 1.5 mm. For the preparation of sterile hydrogel discs, GG-MA powders sterilized under an ethylene oxide atmosphere were used. The materials were processed in a flow chamber cabinet with a different dimension, that is, 6 mm of diameter and 4 mm thickness. Discs dimensions were determined by the requirements of the analyses being performed.
Mechanical and rheological analyses
Steady shear measurements. The viscosity as a function of the shear rate was evaluated through steady state shear measurements performed on the reactive solutions for the preparation of ionic-and photo-crosslinked GG-MA hydrogels.
All the measurements were carried out at a temperature of 37 C in a wide range of shear rate (0.02-20 s À1 ), using a rheometer (Gemini, Bohlin, Sweden).
Injectability tests. The functional injectability of the reactive solutions employed for the preparation of ionic-and photo-crosslinked GG-MA hydrogels, was also investigated by means of an INSTRON 5566 testing machine, using a custom-made experimental setup equipped with an environmental chamber. The injectability measurements were performed using a syringe with a 16G needle. The syringe (with an inner diameter of 4.5 mm) was filled with the material that was then injected through the needle by applying a force on the syringe piston. This device was mounted on the INSTRON 5566 testing machine and the piston was driven at a constant and fixed speed of 40 mm min
À1
, thus controlling the injection rate and the apparent shear rate in the needle. All the tests were carried out at 37 C. The load applied to the piston for injecting the material into and through the 16G needle was measured using a suitably calibrated load cell. An empty syringe equipped with a 16G needle was also tested at the same speed to estimate the effect due to the friction between syringe wall and piston.
Confined compression stress-relaxation tests. Confined compression stress-relaxation tests were performed on ionic-and photo-crosslinked GG-MA hydrogels. All the tests were carried out at 37 C using an INSTRON 5566 testing machine equipped with a porous indenter and a confining chamber. The cylindrical specimens were characterized by a diameter of 11.5 mm and a height (h) of 1.5 mm. Three successive stress-relaxation cycles were applied corresponding to 5% strain increments (i.e., 5, 10, and 15% strain) and suitable dwell periods. As reported in the literature, [24] [25] [26] [27] several equations may be taken into consideration to study the case of uniaxial confined compression. Briefly, in the case of uniaxial confined compression tests, the constitutive law for the extra-stress tensor should be used:
where H A0 is the zero-strain compressive modulus, b is the nonlinear stiffening coefficient, k is the stretch ratio that is related to the axial strain (du/dz), and u is the displacement. The hydraulic permeability k is related to the deformation by the following equation:
where M is the nondimensional nonlinear permeability coefficient that is a measure of the sensitivity to the deformation, k 0 is the zero-strain permeability, u s 0 is the solid volume fraction at the reference state.
Using the theoretical approach, the governing equations for finite deformation can be simplified to produce the following one-dimensional nonlinear partial differential equation:
The following initial and boundary conditions were considered:
where, V 0 is the displacement rate and t 0 is the ramp time.
Taking into consideration the above mentioned approach, the stress-relaxation data were used to provide an evaluation of the properties of ionic-and photo-crosslinked GG-MA hydrogels.
Statistical analysis. Results are reported as mean 6 standard deviation (SD) and were analyzed using analysis of variance (ANOVA) followed by Bonferroni post-hoc comparisons. Statistical differences were set at p < 0.05.
In vitro study Cells isolation and culturing. Human intervertebral disc (hIVD) cells were isolated using an enzymatic digestionbased method from herniated tissue obtained from a female patient (age 36) submitted to surgery. The human biological tissue was collected in accordance to the Ethics Committee at the Centro Hospitalar P ovoa de Varzim-Vila do Conde. Briefly, the extracted tissue was placed in PBS solution (pH 7.4) and washed several times with PBS containing 1% (v/v) antibiotic-antimycotic (A/B) mixture (Invitrogen, USA), containing 10,000 U mL À1 penicillin G sodium, 10,000 lg mL À1 streptomycin sulfate and 25 lg mL À1 amphotericin B as Fungizone V R Antimycotic in 0.85% saline, until total removal of blood or other bodily contaminants. Prior to digestion, the removed tissue was cut in small pieces to increase the efficiency of digestion and obvious dense annulus-like tissue was discarded. Human tissue digestion was performed by incubation at 37 C in a humidified atmosphere of 5% CO 2 for 24 h in 20 mL of cell medium Dulbecco's modified Eagle's medium:Nutrient mixture F12 1:1 (DMEM:F12; Invitrogen, USA) containing 0.3% (w/v) collagenase type II (Sigma-Aldrich, USA) and supplemented with 10% (v/v) fetal bovine serum (FBS; Biochrom, Germany) and 1% (v/v) of an A/B mixture (Invitrogen, USA). Following digestion, cells were separated from the remaining tissue debris by using a cell strainer (100 lm). The isolated hIVD cells were expanded in DMEM:F12 (1:1) medium supplemented with 10% (v/v) FBS and 1% (v/v) of an A/B mixture in standard culture conditions until reaching confluence. The medium was changed every 3 days.
Encapsulation of human disc cells in the ionic-and photo-crosslinked GG-MA hydrogels. Isolated hIVD cells were used at passage 4-5 for encapsulation within the ionicand photo-crosslinked GG-MA hydrogel discs. Confluent cells were detached from the culture flasks using trypsin (0.25% trypsin/EDTA solution, Sigma-Aldrich, USA) and a diluted cell suspension was prepared and centrifuged at 1200 rpm for 5 min. Prior encapsulation of hIVD cells in the ionic-and photo-crosslinked GG-MA hydrogels, the medium was completely aspirated and the cell pellet was re-suspended in the respective hydrogel solution, that is, GG-MA or MBF-containing GG-MA solution. The cell-loaded hydrogels were produced in cylindrical silicone moulds with 6 mm diameter by using 2 Â 10 5 cells per 100 mL of hydrogel. The hydrogel discs with encapsulated hIVD cells were either ionic-(in PBS solution) or photo-crosslinked (UV light at 366 nm for 6 min). Afterwards, hIVD cells/hydrogel discs were cultured in complete DMEM:F12 culture medium at 37 C and in a 5% CO 2 atmosphere for different periods of culturing, that is, 2 h, 1, 3, 7, 14, and 21 d. Discs without cells (controls) were also produced and incubated in similar conditions. The medium was changed every 2 days.
Dynamic mechanical analysis (DMA) of the human disc cells-loaded GG-MA hydrogels. The mechanical behavior of the ionic-and photo-crosslinked GG-MA hydrogel discs and respective hIVD cell-loaded discs was characterized by DMA, after each culturing period. The viscoelastic measurements were performed using a TRITEC8000B DMA from Triton Technology (UK), equipped with the compressive mode. The measurements were carried out at 37 C temperature. The hydrogel discs were always analyzed immersed in a liquid bath placed in a Teflon V R reservoir. The geometry of the samples was then measured accurately and the samples were clamped in the DMA apparatus and immersed in the PBS solution (pH 7.4). After equilibration at 37 C, the DMA spectra were obtained during a frequency scan between 0.1 and 15 Hz. The experiments were performed under constant strain amplitude (50 mm). A small preload was applied to each sample to ensure that the entire disc surface was in contact with the compression plates before testing and the distance between plates was equal for all scaffolds being tested. Two independent experiments were conducted, each with six samples for each condition (n ¼ 6). Results are presented as mean 6 SD and were analyzed using two-way ANOVA followed by Bonferroni post-hoc comparisons. Statistical differences were set at p < 0.05, using the GraphPad software (GraphPad Prism, San Diego, CA).
Calcein AM assay. Cell viability was evaluated after each time of culturing (in triplicate) by performing Calcein AM staining. The experiment was carried out prior to each DMA experiment (n ¼ 6). Briefly, a Calcein AM (Molecular Probes, USA) solution was prepared in serum-free DMEM:F12 (1:1) culture medium without phenol red in the proportion of 1/ 1000. The cell-loaded ionic-and photo-crosslinked GG-MA hydrogel discs were transferred from the TCPS culturing plates and incubated in 1 mL of Calcein AM solution for 15-30 min at 37 C and with 5% CO 2 . After several washes with sterile PBS solution, the samples were observed under fluorescence microscopy using an Axio Imager.Z1m light microscope (Zeiss, Germany) with an attached digital camera AxioCam MRm (Zeiss, Germany) connected to the AxioVision image processing software (Zeiss, Germany).
RESULTS AND DISCUSSION
Mechanical and rheological analyses Steady shear measurements. Steady state shear measurements performed on the reactive solutions used for the preparation of ionic-and photo-crosslinked GG-MA hydrogels have evidenced a non-Newtonian behavior since viscosity decreases as shear rate increases (shear thinning), thus suggesting the possibility to easily inject them (Fig. 1) .
In particular, when the shear rate rises from 0.02 to 20 s À1 , reactive solutions employed for the preparation of However, this difference in terms of viscosity values seems to be more evident at low shear rates (Fig. 1) . The differences observed within the investigated range of shear rate are statistically significant. It is also worth noting that the gel formation process occurs in a reproducible manner.
Injectability tests. The injectability of reactive solutions has been evaluated from the obtained load-displacement curves.
The above mentioned solutions have generally shown similar load-displacement curves: a linear region is initially observed at low displacement values. After a maximum load occurred, load values sharply dropped, then fluctuating and reaching a plateau. At the end of the plateau-like region the material was completely injected (Fig. 2) .
As evidenced by the load-displacement curve for the empty syringe, the effect of friction between the piston and syringe wall is significant at shorter times (and, hence, at the beginning of the syringe piston displacement).
Even though steady shear tests have highlighted differences in terms of viscosity values especially at low shear rates, both reactive solutions employed for the preparation of ionic-and photo-crosslinked GG-MA hydrogels have pro- Furthermore, no significant differences were found. As already discussed, it appears clear that the values of maximum load also include the contribution of the initial friction. For this reason, the maximum load may represent the initial resistance to material flow, whilst the plateau load may provide important information on the continuous flow of material through the needle.
Injectability tests have demonstrated that the reactive chemical solutions employed for the preparation of ionic-and photo-crosslinked GG-MA hydrogels can be easily injected into and through a 16 G needle. With regard to the employed 16 G needle, in the literature a wide range of clinical catheters is reported (14-29 G) . Accordingly, several studies have been taken into account the possibility to use different needles for injecting nucleus substitutes or for analyzing the eventual effects of the needle diameter on the disc degeneration. [28] [29] [30] The present work should be considered as a first approach in analyzing the functional injectability of the employed reactive solutions for the preparation of iGG-MA and phGG-MA hydrogels, and a 16 G needle has been selected as an example. From a functional point-of-view, considering the liquid-like behavior of the employed reactive solutions as well as their shear thinning, a small diameter should not provide problems during the injection. Clearly, a future work will be driven toward the analysis of the injectability of these reactive solutions using different needles and injection speed that would provide interesting rheological/functional features (i.e., apparent shear rate, apparent shear viscosity, extrusion time, flow rate) to be eventually used for the design of an appropriate injection device. Therefore, a compromise should be always found between the required injectability/rheological features and the size defects in the annulus due to a specific needle diameter.
Confined compression stress-relaxation tests. Using the approach described in the ''Materials and Methods'' section, the stress-relaxation curves were used to assess the values of H A0 , b, k 0 and M for ionic-and photo-crosslinked GG-MA hydrogels (Tables I and II) .
Briefly, to determine H A0 and b, the equilibrium stressstretch data were curve-fitted using the constitutive law defined by Eq. (1) and a nonlinear least-squares regression procedure. Employing the obtained values of H A0 and b, the parameters describing the hydraulic permeability [k 0 and M, reported in Eq. (2)] were then evaluated by a non-linear regression of the numerical solution for the axial stress [Eq. (3)] to the experimental stress relaxation data, as reported in the literature. [25] [26] [27] However, the observed differences (Tables I and II ) are statistically significant.
Previous studies have determined the confined compression and permeability values of the NP. 27, [31] [32] [33] The mechanical properties derived from confined compression experiments performed on bovine NP by P eri e et al. 27 resulted in a zero-strain compressive modulus value of 310 6 40 kPa, which is higher than the values obtained for the ionic-(10.5 6 3.1 kPa) and photo-crosslinked (7.0 6 2.1 kPa) hydrogels. Regarding the permeability, in that same study the value obtained for bovine NP was 0.67 6 0.09
. Other studies have determined the permeability in both human and bovine disc nucleus and also by finite element analysis. [31] [32] [33] The measured permeability of the NP tissue was comprised between 0.32 and 2.08 Â 10 ). Other reports have also determined the hydraulic permeability of the NP using mathematical models of the tissue. Riches et al. 34 reported that the zero-strain permeability was 1.17-1.89 Â10 À15 m 4 N À1 s À1 and the nondimensional nonlinear permeability coefficient was in the range of 3.41-4.17. Our results relative to M are of the same order of magnitude to that reported in the literature, while H A0 and k 0 are slightly inferior. However, the mechanical and rheological data on GG-based hydrogels are encouraging as compared to other hydrogels 35 and deserves further investigation as NP substitutes.
In vitro study Mechanical properties of the acellular and cell-loaded hydrogels. The effect of encapsulating hIVD cells (Fig. 3) on the mechanical properties of the hydrogels was evaluated 
Ionic-crosslinked GG-MA 1.7 6 0.6 3.2 6 1.0 Photo-crosslinked GG-MA 5.0 6 1.9 2.7 6 0.7 by DMA along different periods of culturing (Fig. 4) . As controls, acellular discs were also characterized in relation to their mechanical performance. By one hand, this study allowed evaluating the influence of encapsulating cells on the mechanical properties of the hydrogels and following their effect during culturing; and on the other hand, it allowed studying the influence of specific incubation times on the acellular hydrogels' properties. The results have shown that cell encapsulation seems to slightly decrease the storage modulus (E 0 ) of both ionic-(from 83.0 6 11.4 to 75.8 6 14.1 kPa) and photo-crosslinked (from 87.8 6 16.6 to 73.3 6 15.3 kPa) GG-MA hydrogel discs just after cell encapsulation and 2 h of immersion in culture medium [ Fig.  4(A,B) ; for comparison purposes, the results obtained at 1 Hz are used]. For the subsequent periods of culturing (i.e., from 1 up to 7 days) both cell loading and culturing time did not affect the mechanical properties of ionic-and photocrosslinked GG-MA hydrogel discs [ Fig. 4(C-H) ]. Although the incorporation of cells appears to have an immediate negative effect on the mechanical performance of the hydrogels, which is recovered after 1 day of culturing [Fig.  4(C,D) ], the observed differences are not statistically significant. The data for longer culturing times (i.e., 14 and 21 days), revealed an increase in the mechanical properties of both ionic-and photo-crosslinked hydrogel discs [ Fig. 4(I-L) ]. As shown in Figure 4 (I,J), after 14 days of culturing, the E 0 value of the cell-loaded ionic-crosslinked hydrogel discs (96.4 6 18.6 kPa) was higher (although not statistically different) as compared to the acellular discs (85.8 6 9.1 kPa) cultured in the same conditions. After 21 days of culturing [ Fig. 4(K,L) ], this increase became more evident for the ionic-crosslinked hydrogels (from 80.4 6 20.6 to 115.8 6 21.6 kPa), and started to be observed as well in the photo-crosslinked discs (from 85.8 6 4.2 to 98.4 6 0.3 kPa). Statistical analysis has revealed that only the differences obtained for the ionic-crosslinked hydrogels are statistically significant, as indicated in Figure 4 (K,L) (*p < 0.05). In a previous work, Bahney et al. 36 have also observed an increase of E 0 values after 12 weeks of culturing, consistent with the production of extracellular matrix and alteration of collagen type II distribution by hMSCs photo-encapsulated in matrix metalloproteinase 7 (MMP-7)-sensitive scaffolds. In these MMP-7-sensitive constructs, the formation of neocartilage occurred concomitantly with the degradation of the scaffolds, which was translated into an increase in the mechanical performance. The E 0 values obtained for cellloaded hydrogels after 21 days of cell culture, that is, 115.8 6 21.6 kPa for ionic-crosslinked hydrogels and 98.4 6 0.3 kPa for photo-crosslinked hydrogels, are close to the range of values measured for sheep IVDs (64 6 28 kPa) 37 and also in the same order of the apparent dynamic modulus measured in rat caudal spine (around 250 kPa at 1 Hz). 38 Figure 4 also demonstrates that the acellular ionic-and photo-crosslinked GG-MA hydrogels were able to maintain their integrity in vitro, since no significant differences (p > 0.05) were found in the E 0 values (at 1 Hz) of both types of hydrogel throughout the period of culturing studied.
The correct function of the IVD is dependent on its ability to dissipate mechanical energy. The lack of this ability may lead to the development of adjacent segment disease which is often observed after disc surgery. As such, tissue-engineered IVDs must be able to show the damping capacity of the native disc, overcoming this drawback which is frequently associated to the currently available treatments. 38 The damping (tan d)
values of the cell-loaded hydrogels were higher than 0.2, showing the viscoelastic behavior of the tissue engineered Cell viability. To confirm the viability of cells encapsulated in the discs tested by DMA, at least three discs from each period of culturing was evaluated by Calcein AM staining. Figure 5 shows the microscopy images of hIVD cells encapsulated within ionic-and photo-crosslinked GG-MA hydrogels after 7 and 21 days of culturing (data relative to the other periods of culturing not shown). From Figure 5 , it can be seen that hIVD cells were successfully encapsulated into the ionic-and photo-crosslinked GG-MA hydrogels, were generally well dispersed within the hydrogels' matrices, and maintained its typical rounded morphology during the culturing period. Calcein AM staining has shown that the hIVD cells were viable for all the periods tested (data not shown) and up to 21 days of culturing (Fig. 5) , as observed by the green fluorescence. Similar results were observed in a previous study, 3 where the encapsulation efficiency of these GG-MA hydrogels was demonstrated by performing encapsulation studies with hIVD cells. In the present work, the cell viability assay is used to certify that the cells are alive in the moment of mechanical analysis.
CONCLUSIONS
In this study, ionic-and photo-crosslinked methacrylated gellan gum hydrogels' rheological properties and injectability were analyzed. Ionic-and photo-crosslinked methacrylated gellan gum hydrogels are stable, can be processed in a reproducible manner and possess adequate biomechanical features for being implanted using minimally invasive procedures. From in vitro results, it was possible to observe that the mechanical properties of cell-laden hydrogels increased, which could be related to the viability and production of extracellular matrix by hIVD cells. Our data demonstrated that both ionic-and photo-crosslinked methacrylated gellan gum hydrogels are promising biomaterials for cell encapsulation and easily allow gelation to occur before or after injection. These properties, together with the previously described characteristics of the methacrylated gellan gum hydrogels, are interesting for being tested in cellular-based tissue engineering strategies aimed to restore the functionality of IVD.
